The incorporation of nanostructures that improve light scattering and dye adsorption has been suggested for dye-sensitized solar cells (DSSCs), but the manufacture of photonic and nanostructured materials with the desired properties is not an easy task. In nature, however, the process of light-harvesting for photosynthesis has, in some cases, evolved structures with remarkable wavelength-sensitive light-trapping properties. The present work is focused on enhancing the efficiency of quasi solid-state DSSCs by capitalizing on the light trapping properties of diatom frustules since they provide complex 3-dimensional structures for scattering and trapping light. This study reports a promising approach to prepare TiO 2 nanocrystal (14 nm) based photo-electrodes by utilizing the waveguiding and photon localization effects of nanostructured diatom frustules for enhancing light harvesting without deteriorating the electron conduction. Single and double-layered photo-electrodes were prepared with different frustule/nanocrystal combinations and conformations on transparent conductive oxide substrates. This study clearly reports impressive efficiency and short circuit current density enhancements of about 35% and 39%, respectively, due to the incorporation of diatom frustules extracted from a ubiquitous species. The SEM images obtained in this work reveal that the produced thin films had a remarkable surface coverage of evenly distributed frustules within the TiO 2 nanoparticle layer. To the best of our knowledge, this study reports the first quasi solid-state DSSC based on a photo-electrode with incorporated bio-formed nanostructures.
Introduction
Dye-sensitized solar cells (DSSCs) have aroused growing interest due to the prospects of low cost and "greener fabrication" 1 and also due to other factors such as their high efficiency under low light ambient conditions. 2 Some improvements in performance have recently been achieved for DSSCs with the introduction of inorganic and organic nanostructured materials that offer a waveguiding effect and efficient electron transport in the photo-electrode. [3] [4] [5] Consequently, in order to improve the lightharvesting efficiency of DSSCs, the development of threedimensional photo-electrodes for enhancing effective dye adsorption, by improving the scattering of light within the electrode, guiding and trapping light and at the same time improving electron transport is a novel approach. 3, [5] [6] [7] The light-harvesting efficiency of DSSCs primarily depends on two factors:
(1) The surface density of dye molecules that photons can reach controls the number of photo-generated electrons since the dye is the light-absorbing species. Therefore, the effective surface area of the photo-electrode where the dye is adsorbed should be as high as possible to obtain the highest efficiency. In relation to this, the light should be scattered effectively within the nanostructured wide band-gap semiconductor layer to reach the dye molecules, avoiding self-shadowing effects.
(2) The photo-generated electrons should be transported to the external circuit efficiently before they recombine. Therefore, the photo-electrode should provide efficient charge transport in order to conduct photo-generated electrons to the external circuit.
Conventional high-efficiency photo-electrodes of DSSCs consist of a rather thin lm of TiO 2 nanoparticles that has a large surface area, covered by a monolayer of dye molecules to harvest sunlight. [8] [9] [10] Such TiO 2 nanoparticle-based lms are transparent with poor light scattering due to the small size of the particles, and this can result in limited light-harvesting efficiency. [9] [10] [11] The light-harvesting ability of the TiO 2 electrodes can thus be improved by increasing the available surface for dye loading and the effective light scattering by integration of various nanostructures into the photo-electrode. 3, [12] [13] [14] Conversely, the advantages offered by the relatively high surface area exhibited by various nanostructured lms can be compromised by less efficient charge collection by the electrode. TiO 2 nano-wire or nano-rod based DSSCs have been studied in order to improve the electron transport; however, such cells have shown lower efficiencies compared to traditional nanoparticle-based cells, 8, 10, 15, 16 despite the improved electron transport. 12, 14 The efficiency drop is likely due to the relatively small surface area of the modied electrodes that the dye could adsorb on, compared to that of conventional TiO 2 nanoparticle-based lms without such additives. Thus, the effective surface area is a crucial factor that governs the efficiency of DSSCs. Consequently, in order to enhance the energy conversion efficiencies, optical bers have also been studied for use in DSSCs with the intention of improving the effective surface area of the TiO 2 nanoparticle lms, by capturing the wave-guiding effects. 17, 18 Design and fabrication of the desired nanostructures to scatter and trap light efficiently is, however, not an easy task. Nano-scale photonic light-trapping technologies and advanced nanostructures have been developed using sophisticated methods and costly instrumentation; [19] [20] [21] [22] however, reproducibility of the structure and morphology is problematic for articial nanostructures. In addition, mass-scale production of such structures can be very costly. However, considering an alternative approach, one could observe that nature has designed some structures able to harvest sunlight with remarkable light-trapping properties. 23, 24 For example, in the process of photosynthesis, aquatic organisms produce organic compounds from CO 2 by utilizing sunlight efficiently and effectively with the help of built-in silica nanostructures. 24, 25 Diatoms are abundant unicellular microscopic algae commonly found in all aquatic habitats on Earth. 24, 26, 27 They are enclosed by a cell wall, named the frustule, made of silica. 28, 29 The role of the frustule is manifold; it provides mechanical stability, is a lter for nutrients, gases and water, contributes to the defense against viruses and harmful bacteria, and manipulates incoming light. The size of the frustules varies from 1 mm to 1 mm; 30, 31 they have species-specic nanoscale patterns and shapes which have been hypothesized to be designed to provide efficient harvesting of visible light while providing physical protection for the cell. [32] [33] [34] A variety of forms of diatoms are present in nature, and they are broadly divided into centric and pennate forms, depending on their symmetry. The pennate diatom frustules investigated in this study, processed and puried from a diatom monoculture by the Swedish Algae Factory, are shown in Fig. 1 at different magnications. These structures have naturally evolved over millions of years and seem to be optimized for scattering light for the photosynthesis process. 24 The studies performed by Chen et al. 24 have shown through experiments and simulations that placing diatom frustules on the surface of light-absorption materials strongly enhances the optical absorption of visible light. Frustules are, therefore, ideal materials that can be used to increase lightharvesting in DSSCs. In addition, diatoms are widely available in aquatic habitats and frustules are extracted at low cost even on a mass scale. 35 Some investigations into the incorporation of diatom frustules in the photo-electrode of DSSCs have been performed lately. An appreciable study was performed by Toster et al. 34 showing an improvement of the energy conversion efficiency from 3.5% to 4.6% by incorporating diatom frustules; however, they used conventional liquid electrolytes. In addition, Campbell et al. 36 reported improved solar cell efficiencies from 1.68 to 1.82 and further to 1.91%, again using a volatile solvent electrolyte. Huang et al. 37 reported that the power conversion efficiency improved from 3.81% to 5.26% using frustule containing TiO 2 paste instead of conventional TiO 2 paste for photoelectrode preparation. These authors have thus obtained efficiencies over 5% for the rst time in solar cells incorporated with diatom frustules. However, the physical and chemical stability of these cells can suffer due to common issues that originate from the use of liquid electrolytes. Therefore, in the present study, the liquid electrolyte in the cell is replaced by an appropriate gel polymer electrolyte, and the use of volatile solvents for the electrolyte preparation is avoided.
Even though the incorporation of frustules has led to relatively large improvements, the efficiencies are still low in these cells compared to those of conventional high-efficiency DSSCs assembled using thin lms of TiO 2 nanoparticles, which show efficiencies above 12%. [8] [9] [10] 38, 39 Besides, the use of a volatile liquid electrolyte hinders the practical applications of DSSCs as an outdoor device. Therefore, the present work is focused on enhancing the efficiency of quasi solid-state DSSCs capitalizing on the light trapping properties of diatom frustules since the diatom frustule provides an inexpensive way for accessing complex 3-dimensional structures designed in nature with light scattering and trapping properties. For cell assembly, gel polymer electrolytes were selected since they have been proven to offer higher stability and easier handling compared to liquid electrolytes. 40 To the best of our knowledge, the present work reports the rst quasi solid-state DSSC based on a photoelectrode with incorporated bio-formed nanostructures.
Experimental
2.1 Photo-electrode preparation 2.1.1 Materials. The frustules, puried at the Swedish Algae Factory -Sweden (batch K632-freeze-dried), were mixed with TiO 2 nanoparticles in 0.1 M HNO 3 , forming a slurry, and layered in various combinations and conformations on glass substrates with a transparent conductive oxide lm of uorine-doped tin oxide (FTO) (sheet resistance 7 ohm/square), purchased from Solaronix, Switzerland. The photo-electrodes were prepared with single and double-layered lms using TiO 2 nanoparticles (received from Evonik, Germany) of particle size $14 nm (P90). These multi-layer lms were then stained with N719 dye and used as the photo-anodes in photoelectrochemical solar cells.
2.1.2 Layer preparation 2.1.2.1 Titania layer without frustules. The titania layer without frustule incorporation was prepared from a TiO 2 slurry obtained by mixing and grinding a mixture of 0.5 g of P90 powder and 2 ml of 0.1 M HNO 3 in an agate mortar for about 20 min. Then this slurry was spin-coated at 1000 RPM on well cleaned FTO glass substrates or on pre-prepared TiO 2 substrates.
2.1.2.2 Titania layer with frustules. A mixture prepared using TiO 2 P90 powder and diatom frustules was spin-coated at 1000 RPM. For this purpose, TiO 2 P90 powder and diatom frustules were mixed according to a weight ratio of P90 : frustules ¼ 100 : 1 (0.5 g of P90 powder and 0.005 g frustules in 2 ml of 0.1 M HNO 3 ). The slurry was homogenized by sonicating the mixture for about 2 h at room temperature. Before spin coating, the mixture was allowed to rest at room temperature for 12 h to allow diffusion of the TiO 2 nanoparticles into the pores in the frustules.
Aer spin coating, each layer was air-dried for about 24 h and then calcined at 450 C for about 2 h. Heating and cooling were conducted at 1.5 C min À1 and À1.5 C min À1 rates, respectively. The air drying and calcination procedures were repeated for each and every layer. The above-mentioned layers were fabricated in different congurations to prepare the photoelectrodes.
2.1.3 Dye sensitization. The TiO 2 lms containing single or multiple layers were photo-sensitized using N719 dye for use as photo-anodes. For this purpose, the pre-prepared single or multi-layered TiO 2 photo-electrodes were immersed in a saturated ethanol solution of di-tetrabutylammonium cisbis(isothiocyanato)bis(2,2 0 -bipyridyl-4,4 0 -dicarboxylato)ruthenium(II) dye (N719). When the electrodes were dipped in the dye solution, the temperature of the dye solution and the electrode was initially maintained at approximately 60 C and was then allowed to decrease to room temperature. The electrodes were kept for 24 h in the solution to complete the dye adsorption. Finally, the dye molecules loosely bound to the electrode were washed away by rinsing the lms with ethanol. The dye adsorbed electrodes were then used as photo-anodes for the DSSC assembly.
Electrolyte preparation
The electrolyte sample was prepared by using polyacrylonitrile (PAN) (M w 150 000) (0.100 g), ethylene carbonate (0.417 g), propylene carbonate (0.385 g), 4-tert-butylpyridine (4TBP) (0.022 g), rubidium iodide (RbI) (0.048 g), tetrahexylammonium iodide (Hex 4 NI) (0.045 g), and 1-butyl-3-methylimidazolium iodide (BMII) (0.0126 g). The molar ratio of the components in the gel polymer electrolyte was PAN : EC : PC : BMII : Hex 4 NI : RbI : 4TBP : I 2 ¼ 10 : 25 : 20 : 0.25 : 0.5 : 1.2 : 0.85 : 0.19. Therefore, the stoichiometric composition can be written as (PAN) 10 (EC) 25 (PC) 20 (-BMII) 0.25 (Hex 4 NI) 0.5 (RbI) 1.2 (I 2 ) 0.19 . The weight composition of the electrolyte is given in Table 1 .
For sample preparation, EC, PC and 4TBP were mixed in a closed glass bottle under continuous stirring. The relevant amount of iodides, RbI, Hex 4 NI, and BMII, was added to the mixture and stirred for a few more hours, and then 0.1 g of PAN was added to the salt solution and stirred further to obtain a homogeneous mixture. 41 The resulting mixture was heated to $100 C under continuous stirring until the mixture became a homogeneous and transparent slurry. The mixture was allowed to cool down under continuous stirring. When the temperature dropped to about 50 C, 9.0 mg of iodine (I 2 ) chips was also added to the slurry. The stirring was continued until the slurry cooled down to room temperature. The resulting gel polymer electrolyte was used to assemble the DSSCs.
Solar cell assembly
The DSSC was assembled by sandwiching a thin layer of the gel polymer electrolyte between the photo-electrode and the platinum-coated glass plate (counter electrode) by clipping them together.
Solar cell measurements
The fabricated solar cells were illuminated using a LOT-Oriel GmbH solar simulator, 1.5 AM, 1000 W m À2 (one sun), in order to obtain the I-V characteristics using an eDAQ Potentiostat and e-corder. The area of the cell exposed to light was 12 mm 2 , and the potential scan rate was 100 V s À1 . Measurement scanning was performed in the direction from forward bias (0.8 V) to reverse bias (À0.8 V).
SEM images
The SEM pictures were captured with an Ultra 55 Leo at 10 À5 mbar and 3 kV inserting the samples at (typically 3 at a time) on the sample holder, with no special treatment. SEM images of bare frustules were obtained, aer coating gold on them, with a ZEISS EVO LS15 setup. The thickness of the layers has, where possible, been evaluated at the edge of the layer focusing on different surfaces and measuring the focus position.
Results and discussion

DSSCs with a single layer photoelectrode without frustules
The current density versus cell potential (J-V) curves of the quasi solid-state DSSC prepared with a single-layer photo-electrode without frustules and a gel electrolyte based on PAN as the host polymer containing the binary salts RbI and Hex 4 NI are shown in Fig. 2 . Measurements were conducted for about 3 h under continuous illumination of 1000 W cm À2 in order to check the short-term stability of the DSSC in addition to the cell performance. As shown in Fig. 2 , the current density (J sc ) of the cell increases with time, from 6.2 to 7.0 mA cm À2 within 3 hours under continuous irradiation. This increase can be a result of heating effects caused by prolonged irradiation of the DSSC since, in general, the charge transport kinetics increase with increasing temperature. 42 Conversely, the open-circuit voltage (V oc ) exhibits a small drop from 722 to 700 mV, which can also be a result of an increase of the charge transport kinetics with increasing temperature. 41, 43 Therefore, when the cell is at open circuit, the increase of charge transport can increase the charge recombination kinetics (recombination of photo-generated electrons with tri-iodides in the electrolyte) shiing the Fermi level to more positive potentials, leading to a drop of V oc . 44, 45 The power density versus cell potential curves for different illumination periods are shown in Fig. 3 . As seen in Fig. 2 and 3 , the cells exhibit very good short-term stability owing to the use of an appropriate gel polymer electrolyte that suppresses the evaporation of liquid components. It is noteworthy that these cells are unsealed and assembled just by sandwiching a thin layer of the electrolyte between the photo-electrode and counter electrode.
The energy conversion efficiency of the cells dropped slightly from $3.1 to $3.0% with time, which can be due to an increase of the recombination kinetics with increasing temperature. This is evidenced by the decrease of the ll factor with the increasing illumination period. The cell performances are very stable, and the variations in performance parameters are regarded as artifacts due to the temperature increase with the prolonged illumination. [41] [42] [43] [44] This temperature effect was evident since the cells regained their original efficiency aer a sufficient relaxation time ($12 h) (results are not shown). The average values of the solar cell performance parameters J sc , V oc , ll factor (ff) and efficiency (h) for the 3 h duration are given Table 2 .
DSSC with a double layer photoelectrode without frustules
The J-V curves of the quasi solid-state DSSC prepared using a double layer of the photo-electrode without frustules are shown in Fig. 4 as a function of illumination time. This doublelayered cell (Fig. 4) shows higher photo-currents compared to the single-layer cell (Fig. 2 ). In this case also, measurements were conducted for about 3 hours under continuous illumination. As shown in Fig. 4 , within 3 hours, the J sc increased from 6.6 to 7.5 mA cm À2 while the open-circuit voltage (V oc ) showed a small drop, from 754 to 728 mV. As for the single-layer cells, this can be attributed to the small temperature increase during prolonged irradiation.
The power density versus cell potential curves are shown in Fig. 5 as a function of illumination time. This cell shows good stability though some minor uctuations are visible. The energy conversion efficiency of the cell dropped slightly from $3.41 to $3.36%, possibly due to the heating effects resulting from the prolonged irradiation. Compared to the single-layer cell, this double layer cell showed cell performance enhancements of about 6.6, 2.9, and 9.9% for J sc , V oc and efficiency, respectively. These enhancements are believed to be due to an increase of the adsorption of dye, which is the light-absorbing species in the photo-anode. The average values of the J sc , V oc , ff and efficiency in 3 hours are given in Table 2 . The average ll factor remained unchanged for both types of cells.
DSSC with a double layer photoelectrode with frustules (top layer with and bottom layer without frustules)
The J-V curves of the quasi solid-state DSSC prepared using a double layer photo-electrode with incorporated frustules are shown in Fig. 6 for about 3 hours of continuous illumination. Power density versus cell potential as a function of illumination time of the DSSC assembled using a photo-electrode containing double layers (one with and one without frustules) is shown in Fig. 7 . The rst layer contains no frustules, while the second layer of the photo-electrode contains small amounts of diatom frustules (mass fraction, frustule : TiO 2 ¼ 1 : 100). The incorporated frustules are expected to increase the effective surface area of the photo-electrode compared to that of the photoelectrode prepared using only TiO 2 nanoparticles due to the relatively large size of the frustules and their very porous nanostructure (Fig. 1 ). As seen in Fig. 6 , the photo-current density has indeed improved signicantly for the DSSC incorporated with frustules. Aer 3 hours of illumination, the initial J sc of 9.36 increased to 9.62 mA cm À2 . Similar to the trend shown by the cells discussed above, the V oc decreased from 738 to 724 mV with time. The efficiency also decreased from 4.72 to 4.58% with the increasing irradiation time as a result of the V oc drop. As in the earlier described cases, all these effects exhibited with illumination time are regarded as artifacts due to the increasing temperature, and the cells regained their efficiency aer sufficient relaxation time.
The average values of the J sc , V oc and efficiency are given in Table 2 for these DSSCs incorporated with diatom frustules. Highlighting the positive effect of incorporation of diatom frustules, this DSSC shows a remarkable improvement of 35, 4, and 39% for J sc , ff and efficiency compared to the frustule-free double-layered cells. However, the average V oc shows a slight drop of about 0.8%. The efficiency and J sc enhancements exhibited due to the frustule containing 2 nd layer are remarkable. Compared to those of the single-layer DSSC, the efficiency and J sc of the double layer DSSC with a second layer containing frustules improved by 53 and 44%, respectively. In comparison, using a frustule-free second layer resulted in only 9.9 and 6.6% enhancements compared to the single-layer photoelectrode. Therefore, the incorporation of frustules in the 2 nd layer is a promising way to increase the DSSC performances signicantly.
SEM analysis
For a better understanding of the structural and morphological changes, the SEM images of different TiO 2 layers are shown in Fig. 8 . In addition, a schematic illustration of the different layers of TiO 2 studied is given in Fig. 9 . The SEM images of the 1st layer prepared without frustules are shown in Fig. 8(a) and (b) . It is clear that there are no cracks or pinholes in this lm. The structure is highly porous, and the layer is composed of TiO 2 crystallites with an average size of 14 nm. The size of the observed crystallites is thus in agreement with the stated particle size of the P90 powder (supplier speci-cation). When two such layers are present, the structure does not change, only the thickness increases. Therefore, the SEM images are not shown for the frustule-free double layer.
The SEM image of the photo-electrode prepared with the double layer (top layer with and bottom layer without frustules), is shown in Fig. 8 (c-e) at different magnications. Traces of diatom frustules well covered by TiO 2 nanoparticles ($14 nm) are clearly visible in the image (Fig. 8(c-e) ). Since the frustulecontaining layer is prepared on top of a layer of TiO 2 nanoparticles, the frustules are covered well from all directions, as seen in Fig. 8(c) . Enlarged SEM images that trace small uncovered edges of the frustules are shown in Fig. 8(c-e ). The light enters even though these uncovered regions and can undergo multiple reections contributing to the enhancement of cell efficiency. Some cracks are visible in these frustule-containing layers; however, these cracks would not have an adverse effect on cell efficiency since the frustule-containing layer is prepared on a crack-free TiO 2 layer. Thus, these cracks cannot contribute to internal short circuit, which deteriorates the cell performance. Conversely, these cracks can actually increase cell performance in this situation since they can improve dye adsorption.
A schematic illustration of the different layers of TiO 2 used in this study is given in Fig. 9 . The light rays that enter into the frustules will undergo multiple reections, enhancing the possibility of their capture by dye molecules attached to the TiO 2 nanoparticles. Preliminary studies actually revealed that the energy conversion efficiency of frustule-containing singlelayered DSSCs is less than that of single-layered frustule-free cells. Therefore, the addition of frustules contributed to a drop in the efficiency in single-layered photo-electrode based cells. This can be understood by studying the inuence of the added frustules on electron transport. In order to obtain high efficiency, the injected electrons from the excited dye should be transported efficiently across the TiO 2 lm. The electron percolation through the single-layer electrodes without frustules is illustrated in Fig. 9(a) where the arrows indicate electron percolation. Though added nanostructured frustules can contribute to enhancing the light absorption of the photoelectrode, they cause a decrease in the electron transport through the photo-electrode, as shown for many other nanostructures added to DSSCs. 12, 14, [17] [18] [19] 46 The observed efficiency drop of the frustule-containing single layer cell can, thus, result from a drop in electron conduction through the photoelectrode, as illustrated in Fig. 9(b) , since frustules are made of inert silica that does not contribute to electron transport. The efficiency of the electrode containing a frustule-free double layer is moderate since the light scattering is poor, though dye adsorption and electron transport are high. However, a higher efficiency can be expected for the photo-electrode containing a layer with frustules on top of a frustule-free layer, as illustrated in Fig. 9(d) . The dye adsorption, light scattering, and electron percolation are higher for this electrode compared to the other electrodes studied. This expected behavior of cell performance is conrmed by the average DSSC performance parameters given in Table 2 which are calculated from the current-voltage characteristic curves. The SEM images given in Fig. 8 also conrm the structure schematically illustrated in Fig. 9 .
The performance (efficiency) of DSSCs with respect to irradiation time for both systems with and without diatom frustules is shown in Fig. 10 . In addition, the efficiency of the single layered cell is also shown in Fig. 10 . The reported efficiency of 4.7% and J sc of 9.64 mA cm À2 are very good values for a quasisolid state DSSC that does not contain volatile solvents in the electrolyte. This work very clearly shows that the efficiency enhancement is due to the waveguiding and photon localization effects of incorporated frustules. Finally, it can be concluded that the efficiency in the double-layered quasi-sold state DSSC could be enhanced by 39% (from 3.34 to 4.65%) by incorporating nanostructured diatom frustules into the 2 nd layer of the photo-electrode.
Conclusions
Quasi solid-state DSSCs containing diatom frustules were realized and studied in order to capitalize on the light trapping properties of complex 3-dimensional nanostructures designed by nature for scattering and trapping light for photosynthesis. The present study shows a promising approach to prepare TiO 2 nanoparticle-based photo-electrodes, incorporating biologically formed silica nanostructures in order to take advantage of their waveguiding and photon localization effects to enhance light harvesting without impairing electron conduction. Single and double-layered photo-electrodes were prepared with various conformations of frustules and TiO 2 nanocrystals on transparent conductive oxide substrates. SEM images revealed that a remarkable surface coverage of evenly distributed frustules and TiO 2 nanoparticles could be achieved. For the cell construction, a gel polymer electrolyte without any volatile solvents was prepared to avoid physical or chemical instability of the cells. Stable cell performances were observed under continuous illumination for about 3 hours; minor variations observed during the illumination time are believed to be due to heating effects since the cells regained their original efficiencies aer a sufficient relaxation time of about 12 h.
For single layered photo-electrodes, the addition of frustules resulted in a drop in the efficiency, which may be caused by poor electron transport due to the added frustules despite the improved light harvesting. However, the double layer photo-electrode, prepared by adding 1% wt of frustules to the 2 nd layer, showed average J sc , V oc and efficiency values of 9.58 AE 0.12 mA cm À2 , 729 AE 5 mV and 4.65 AE 0.06 under 1000 W m À2 irradiation.
This study clearly shows impressive efficiency and short circuit current density enhancements of 35% and 39%, respectively, due to the incorporation of naturally built nanostructures extracted from ubiquitous species: diatom frustules. To the best of our knowledge, the present work reports the rst quasi solid-state DSSC based on a photo-electrode with incorporated bio-formed nanostructures. This study thus conrmed that the light localization of diatom frustules can be used to enhance the efficiency of dye-sensitized solar cells.
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